Background
==========

Stroke and central nervous system injury have been topics of interest in neuroscience research. Autograft and allograft transplantation were used to prompt the regeneration of axons after nerve injury. However, the poor self-regeneration caused by the glial scar and growth inhibitory factors after neuronal necrosis limited the efficacy of these methods, and it appeared that these techniques were not promising. In recent years, with the development of biological tissue engineering technology, the auxiliary repair of CNS damage using biocompatible materials has become one of the most promising methods for these patients \[[@b1-medscimonit-22-1766],[@b2-medscimonit-22-1766]\]. In biocompatible materials, the seed cells and scaffold materials are fundamental elements. BMSC is a kind of pluripotent adult stem cell, which can be directionally induced and differentiate to nerve-like cells. It has wide potential application in the transplantation of CNS cells \[[@b3-medscimonit-22-1766],[@b4-medscimonit-22-1766]\]. As a commonly used scaffold material in tissue engineering, chitosan had many advantages, such as strong biodegradability, low antigenicity, good biocompatibility, and no pyrogen reaction \[[@b5-medscimonit-22-1766],[@b6-medscimonit-22-1766]\]. In the present study we explored the biocompatibility of co-cultured BMSCs and self-made absorbable chitosan porous scaffolds. The transplantation of cell-scaffold compound into the CNS may aid in the regeneration of nerve cells and recovery of nerve function.

Material and Methods
====================

Animals
-------

Healthy male Wistar rats at SPF level, aged 3 weeks and weighing about 100 g, were provided by the Experimental Animal Center of the Medical Institute of Xi'an Jiaotong University. The experiment was carried out in the Central Laboratory of Shanxi Provincial People's Hospital.

The animals were maintained on a 12:12 h light: dark cycle in a temperature- and humidity-controlled animal care facility with free access to food and water. The facility was fully accredited by the Chinese Association for the Accreditation of Laboratory Animal Care. All procedures were approved by the Institutional Animal Care and Use Committee of the Medical Institute of Xi'an Jiaotong University. The work described in the article was carried out in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki) for experiments involving animals.

Isolation and culture of BMSCs
------------------------------

The primary BMSCs were isolated from the rats' forelimbs and cultured using the whole-bone marrow adherent culture method. In brief, the rats were anesthetized and bone marrow plugs were extruded from the bone marrow cavity. Flushing was done with serum-free DMEM/F12 medium (HyClone, USA), collected in sterile tubes and centrifuged. Subsequently, the fat and supernatant were discarded, and the resuspended cells at a density of 1×10^6^/mL were incubated in monolayer in Dulbecco's modified Eagle's medium (DMEM), 10% fetal bovine serum (FBS), and 1% penicillin and streptomycin (PBS) until 90% confluent. The cells were placed in a CO~2~ incubator (NAPCO Company, USA) with 5% CO~2~ at 95% humidity and 37°C for 48 h. Culture medium was replaced at 3-day intervals. Pre-plating for in the first 2 passages eliminated any fibroblasts remaining in the culture. When the cultured cells reached 80--90% confluence, they were passaged with 0.25% trypsin and expanded until the 3^rd^ passage.

Identified phenotypic characterization and neuronal differentiation induction
-----------------------------------------------------------------------------

One-half of the purity of the third-generation (P3) cells was identified using flow cytometry by detecting the expression of the specific cell surface marker. Another group of P3 BMSCs were incubated in neural differentiation medium (100 μg/mL mecobalamin + 10%FBS+ DMEM/F12) for 7--9 days and the medium was replaced every 2 days. We took some of the neural-induced BMSCs to verify the neuronal differentiation. The expression of heavy neurofilaments (NF-H) was detected using DAB immunohistochemical staining method, in which rat monoclonal antibody \[NF-01\] to 200 kDa heavy neurofilaments was used.

Preparation and detection of chitosan porous scaffolds
------------------------------------------------------

Chitosan porous scaffolds were obtained via a freeze-drying technique. Briefly, 1 ml of 2% chitosam-acetic acid solution in 24-well plate was keep at 4°C for 6 h and then at −25°C overnight. The next day, it was dried in a freeze-drying machine at −75°C for 24 h. Then, 1 ml of 0.1 M NaOH was added in each well for hydration for 20 min and dried again with the freeze-drying machine. Finally, the powder (or pellet) was immersed in 75% ethanol for 30 min and rinsed thoroughly with PBS 5 times before being used for cell culture.

Detection of the porosity of chitosan scaffolds
-----------------------------------------------

The porosity was detected by using the ethanol alternative method. The calculation formula of porosity was: P=(V1−V3)/V×100%; P refers to the porosity of the chitosan porous scaffold, V1 is the total volume of ethanol, V3 is the left ethanol volume after removing the chitosan porous scaffold, and V is the total volume of the scaffold. V=(V2−V1)+(V1−V3)=V2−V3; V2 is the total volume of the chitosan porous scaffold and ethanol in vacuum without escape of gases, "V2−V1" is the volume of chitosan porous scaffold, and "V1−V3" is the porous volume of the chitosan porous scaffold.

Characterization of chitosan porous scaffolds
---------------------------------------------

The chitosan was cut into small pieces and rinsed repeatedly with PBS, and then fixed with 2.5% glutaraldehyde (GA) and 1% osmium tetroxide fixed liquid (OSO~4~) at 4°C for 2 h. After gradient ethanol dehydration, the scaffold was dried using the critical point drying apparatus, coated with gold ions by sputtering method, and then was observed with a scanning electron microscope.

Co-culture and observation of chitosan porous scaffold and BMSCs
----------------------------------------------------------------

The chitosan porous scaffold was taken out from DMEM/F12 complete medium and cut into 5.0×5.0×3.0 mm blocks on a super net platform, and put in the 24-well culture plate. At 7 days after neural induction, we added 1 ml of 1×10^6^/mL P3 BMSCs suspension to each well and cultured them in a cell culture incubator for 30 min, with gentle agitation every 15 min, after which 3 ml of complete medium was added in each well. After culturing for 48 h, the growth of BMSCs on scaffold was observed with an inverted microscope and a scanning electron microscope.

Proliferation and cytotoxicity of BMSCs on chitosan porous scaffold was detected using MTT method, and 1000 cells were seeded in each scaffold. The scaffolds were placed in 96-well plates. During the culturing, the culture medium was changed every 2 days. The culturing was stopped on day 3, 4, 5, 6, and 7 after inoculation, when 200 μl of 5 mg/mL MTT serum-free DMEM/F12 culture medium was added in 4 wells of the experimental group (BMSCs + chitosan porous scaffold + culture medium) and the control group (BMSCs + culture medium). Four hours later, the suspension liquid was discarded and 200 μl of dimethyl sulfoxide was added for culture in for 15 min. Cells were oscillated on a shaking table at low speed for l5 min to allow the complete dissolution of crystals. The absorbance values were detected 4 times with an enzyme-labeled instrument to count the mean value for 5 consecutive days. A 490-nm wavelength was chosen and the zero hole was set at the same time as the control.

Statistical analysis
--------------------

SPSS13.0 statistical software was used for analysis. Data are presented as mean ± standard deviation, the comparison among groups was detected with independent samples t-test, with an inspection level of α=0.05.

Results
=======

Characterization of BMSCs
-------------------------

### Identification of BMSCs

Consistent with previous studies, the high expression of the non-hematopoietic marker CD29 confirmed the purity level of the mesenchymal stem cells. Additionally, CD45, a hematopoietic marker, presented a low expression. As shown in [Figure 1](#f1-medscimonit-22-1766){ref-type="fig"}, the CD29-positive rate of the isolated BMSCs was 98.49%, while the CD45-positive rate was only 0.85%. At the same time, CD45 is a positive marker of hematopoietic stem cell, which should not be primarily expressed in BMSC. These results indicated the high purity of the third generation of BMSCs.

### Morphological observation of BMSCs

As shown in [Figure 2](#f2-medscimonit-22-1766){ref-type="fig"}, under the microscope the shape of the third-generation BMSCs cultured with the whole bone marrow adherent culture method was uniform, exhibiting a fibrous morphology, with significantly fewer mixed cells ([Figure 2](#f2-medscimonit-22-1766){ref-type="fig"}).

### Induction of BMSCs with neuron-like morphology

BMSCs could be induced into neuron-like cells. When treated with differentiation medium, the BMSCs had a changed morphology and presented the appearance of neuronal cells. At 24 h after treatment, cells started to stretch and were slender, protruding from the protuberant, and began connecting with neighboring cells ([Figure 3A](#f3-medscimonit-22-1766){ref-type="fig"}). However, the expression of neuronal markers was not detected until 7 to 9 days after induction; after 7 days, the differentiated cells extended neurites and connected with each other. The phenotypical features of neurons generated from the cells were distinguishable, including unipolar or bi/multipolar elongations, forming a neural network-like structure. In addition, the cells expressed neuronal specific protein NF-H ([Figure 3B](#f3-medscimonit-22-1766){ref-type="fig"}). The control BMSCs were only cultured with 10%FBS+ DMEM/F12 medium, without neural inducer ([Figure 3C](#f3-medscimonit-22-1766){ref-type="fig"}).

Characterization of biological chitosan porous scaffold
-------------------------------------------------------

### The general structure of the chitosan scaffold

Macroscopically, the prepared scaffold showed cavernous transformation, which could be cut into various shapes according to the actual condition ([Figure 4A, 4B](#f4-medscimonit-22-1766){ref-type="fig"}).

### Determination of porosity

We added 1.08 mL ethanol (V1=1.08 mL) and a small piece of chitosan porous scaffold into a 1.5-mL cryopreserved tube to yield a liquid level scale of 1.10 mL (V2=1.10 mL). The liquid level scale was 0.90 mL (V3=0.90 mL) after removing the chitosan porous scaffold. The porosity of the chitosan porous scaffold was calculated according to [Formula 1](#fd1-medscimonit-22-1766){ref-type="disp-formula"}.
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### SEM observation of chitosan porous scaffold

Uniform 3D pores were observed on the cross-section of the chitosan porous scaffold under scanning electron microscopy. The chitosan porous scaffold had good connectivity and the pore size was 140±0.211 in aperture test via SEM ([Figure 5](#f5-medscimonit-22-1766){ref-type="fig"}).

Characterization of chitosan porous scaffold and BMSCs co-culture
-----------------------------------------------------------------

### Observation under an inverted microscope

After the cultivation on the chitosan porous scaffold for 48 h, cells evenly spread into the pores, single or in clusters, on the scaffold. While shaking the culture plate, a few cells scattered at the bottom of the plate without drifting, which indicated the strong hydrophilicity and cell adsorption of the scaffold ([Figure 6](#f6-medscimonit-22-1766){ref-type="fig"}).

### Observation under scanning electron microscope (SEM)

After the chitosan porous scaffold and induced BMSCs co-culture *in vitro* for 48 h, BMSCs with spindle shape and secreted extracellular matrix were widely distributed on the surface and pores of the chitosan porous scaffold. Many cells were distributed in several pores and the cells with spindle shape on the bottom were already present on the scaffold. Some of these cells secreted a large amount of extracellular matrix and adhered well to the scaffold, with pseudopodia extending into the scaffold. These results indicated the good growth condition of the BMSCs in the 3D culture environment ([Figure 7A, 7B](#f7-medscimonit-22-1766){ref-type="fig"}).

### Proliferation and cytotoxicity of BMSCs on chitosan porous scaffold

We further characterize the proliferation of these BMSCs on the scaffold. On day 3 after co-culture, there was no significant difference in the absorbance value of the experimental group and the control group (P\>0.05); on day 5, there was no significant difference in the absorbance value of the experimental group and the control group (P\>0.05); on day 7, there was no significant difference in the proliferation of the experiment group and the control group (P\>0.05). In general, the growth law of cells in the 2 groups was similar, which showed strong proliferation activity after the third day ([Table 1](#t1-medscimonit-22-1766){ref-type="table"}). Then, the growth of cells significantly accelerated many-fold until the logarithmic growth phase. At 1 week after culture, the growth of BMSCs slowed. The chitosan porous scaffold had no obvious inhibition effect on BMSCs.

Discussion
==========

Studies from basic and clinical trials have proved that, as a kind of scaffold carrier for tissue engineering, chitosan can promote wound healing, scar absorption, slow-releasing of drugs \[[@b7-medscimonit-22-1766],[@b8-medscimonit-22-1766]\], regeneration and repair of nerve tissue \[[@b9-medscimonit-22-1766],[@b10-medscimonit-22-1766]\], and prevent bacterial growth and inflammation. Chitosan also shared similarities with another kind of biological macromolecule polymer -- amino polysaccharide -- which is the main structure of extracellular matrix \[[@b6-medscimonit-22-1766],[@b11-medscimonit-22-1766],[@b12-medscimonit-22-1766]\]. Because of its good affinity to the nerve cells, it was reported that it could significantly promote the growth of the spinal cord neurons and surrounding nerves \[[@b13-medscimonit-22-1766]\]. Some Chinese studies on chitosan and retinal nerve cells reported that chitosan with different proportions could significantly promote retinal nerve cell growth in Wistar rats. To support cell proliferation, the ideal biological scaffold should have good histocompatibility, biodegradability, appropriate pore size, and porosity. These characteristics are the key points which can directly affect cell adhesion, growth, and migration. Thus, the materials should have multiple pores, connectivity, and aperture at least 50 μm and 70\~90% porosity to provide enough space for cell growth \[[@b14-medscimonit-22-1766]\]. At present, the techniques used for fabrication of chitosan porous scaffold include solution casting-particle filtration, freeze-drying/phase separation technique, and rapid prototyping technology. As high temperature can affect the biological materials and influence its performance, in our study the freeze-drying method was used \[[@b15-medscimonit-22-1766]\]. Based on the principle of vacuum distillation of the deep-freezing solvent, lyophilization is widely utilized to prepare porous scaffolds. It can avoid the damage of high temperature to the bioactive molecules on the surface of the scaffold and can remove the organic solvent added into the samples (pore reagent) to ensure porous mesh structure. Therefore, the biologic activity of the materials could be well-maintained with intact biological characteristics \[[@b16-medscimonit-22-1766],[@b17-medscimonit-22-1766]\]. Amado et al. prepared 3 types of chitosan membranes. Their results showed that the best condition of the membrane, which can significantly promote the regeneration and functional recovery of damaged axonal nerve cells, was with the surface porosity of 90% and aperture of about 110 μm \[[@b18-medscimonit-22-1766]\]. In the present study, the porosity of the chitosan porous scaffold prepared with the freeze-drying technology was 90% and the aperture was 80--200 μm. The relatively uniform space and good connectivity fully met the requirements for cell growth.

In the current study, the BMSCs isolated from rat limbs achieved high purity in the third generation and proliferated well *in vitro*. BMSCs have unique advantages in promoting nerve regeneration. Our data also demonstrated that after induction, the BMMSCs differentiated into neuron-like cells. These results suggest BMSCs would be good sources for transplantation.

During the monolayer culture period, the contact inhibition among cells inhibited cell growth and proliferation. In contrast, the cell/scaffold complex construction can provide a 3D environment of nutrition absorption and growth metabolism. They are conducive to cell adhesion and growth and avoid cell loss \[[@b19-medscimonit-22-1766]\]. In the current study, by using a scanning electronic microscope, we found good growth of BMSCs on the scaffold *in vitro* after co-culturing for 48 h. We found uniform distribution of cells on the surface of the scaffold and in pores, as well as adhesion of BMSCs, secretion of extracellular matrix adhered on the scaffold surface, massive cells in pores, and adhesion of some base cells in spindle form (they did not easily fall off), as well as good hydrophilicity. Moreover, the MTT test indicated that the scaffold had no effect on cell proliferation, although we cannot prove these induced cells maintain neuronal function. Our results show that BMSCs have good biocompatibility with the chitosan porous scaffold.

Conclusions
===========

Tissue engineering technology can provide carrier for cell seeding, and is expected to become an effective method for the regeneration and repair of nerve cells. Our study showed the chitosan porous scaffolds can be used for this purpose. However, this research was based on rats; therefore, further study is needed before our conclusions can be extended to humans. Moreover, further research should be carried out to control degeneration of the chitosan porous scaffold, as well as to explore related factors and the mechanism by which the proliferation, migration, and differentiation occur.

**Source of support:** Departmental sources

**Conflicts of interest**

All authors declared that there were no conflicts of interest in this report.

![Flow cytometry analysis of BMMSC. Fluorescent cell sorting of passage 3 BMMSCs employing monoclonal antibody CD29 (**A**) CD45 (**B**) directed against cell surface.](medscimonit-22-1766-g001){#f1-medscimonit-22-1766}

![Morphology of the third-generation BMMSCs. The luminescent blotches or spots are the cells.](medscimonit-22-1766-g002){#f2-medscimonit-22-1766}

![(**A**) Microscopic pictograph showing the morphology of BMMSCs 24 h after induction. The cells started to stretch, became slender and protruded from the protuberant, and formed connections with neighboring cells. (**B**) IHC staining of neuron-specific protein NF-H of BMMSCs at 7 days after induction. The phenotypical features of neurons generated from the cells were distinguishable, including unipolar or bi/multipolar elongations, forming a neural network-like structure. (**C**) Control cells after 7 days without NF-H expression.](medscimonit-22-1766-g003){#f3-medscimonit-22-1766}

![(**A**) General form and (**B**) microstructure of the chitosan scaffold under microscope.](medscimonit-22-1766-g004){#f4-medscimonit-22-1766}

![Uniform 3D pores on the cross-section of the chitosan porous scaffold under scanning electron microscopy.](medscimonit-22-1766-g005){#f5-medscimonit-22-1766}

![Observation of chitosan porous scaffold and BMSCs co-culture for 48 h under inverted microscope.](medscimonit-22-1766-g006){#f6-medscimonit-22-1766}

![Observation of chitosan porous scaffold and BMSCs co-culture for 48 h under scanning electronic microscope. (**A**) Wide spread of BMSCs on the surface and pores of the scaffold; (**B**) Bundle of cells with secreted extracellular matrix on the scaffold, with the pseudopods of some cells stretching out into the scaffold.](medscimonit-22-1766-g007){#f7-medscimonit-22-1766}

###### 

The proliferation of BMSCs on different days.

          Experimental group   Control group   P value
  ------- -------------------- --------------- ---------
  Day 3   0.489±0.013          0.503±0.009     P\>0.05
  Day 5   0.549±0.0256         0.487±0.0357    P\>0.05
  Day 7   0.751±0.011          0.78±0.017      P\>0.05
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